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Inhibitory and facilitatory effects 
of phonological and orthographic 
similarity on L2 word recognition 
across modalities in bilinguals
Candice Frances1,2*, Eugenia Navarra‑Barindelli1,2 & Clara D. Martin1,3
Language perception studies on bilinguals often show that words that share form and meaning across 
languages (cognates) are easier to process than words that share only meaning. This facilitatory 
phenomenon is known as the cognate effect. Most previous studies have shown this effect visually, 
whereas the auditory modality as well as the interplay between type of similarity and modality 
remain largely unexplored. In this study, highly proficient late Spanish–English bilinguals carried out 
a lexical decision task in their second language, both visually and auditorily. Words had high or low 
phonological and orthographic similarity, fully crossed. We also included orthographically identical 
words (perfect cognates). Our results suggest that similarity in the same modality (i.e., orthographic 
similarity in the visual modality and phonological similarity in the auditory modality) leads to 
improved signal detection, whereas similarity across modalities hinders it. We provide support for 
the idea that perfect cognates are a special category within cognates. Results suggest a need for a 
conceptual and practical separation between types of similarity in cognate studies. The theoretical 
implication is that the representations of items are active in both modalities of the non‑target 
language during language processing, which needs to be incorporated to our current processing 
models.
At this point in the literature, it is quite clear that the two languages of a bilingual influence each other—meaning 
that a bilingual is not simply two monolinguals in one  body1. This idea is highlighted by the concept of language 
co-activation, which suggests that neither language of a bilingual is ever fully inactive or “off ”. The present study 
explores this idea by assessing whether second language (L2) word recognition—both visual and auditory—is 
influenced by the phonological and orthographic similarity between translation equivalents.
When exploring the existence of co-activation—namely, the activation of the non-target language on target-
language processing—, one of the most frequent evidences is the cognate effect. Cognates are defined as trans-
lations that share both form and meaning across languages (e.g., ‘paper’ and ‘papel’, in English and Spanish, 
respectively) as opposed to non-cognates, which share only meaning across languages (e.g., ‘book’ and ‘libro’). 
The cognate effect refers to the idea that words that are similar in form between languages often produce facilita-
tory effects on word recognition in a unilingual  context2–9. Note that there is also a particular case of cognates in 
which words are not simply spelled similarly between languages but rather are exact matches, or orthographi-
cally identical words (identical cognates). These perfect or identical cognates are thought to have a special status, 
causing larger effects than non-identical  cognates10.
Despite a large amount of literature exploring the cognate effect, the focus has been quite narrow, placing the 
emphasis on orthographic similarity and using visual word recognition  paradigms11–15. Orthographic similar-
ity manipulations in the visual modality consistently lead to a facilitation effect of cognates in perception. This 
cognate advantage—or cognate facilitation effect—is interpreted as a co-activation of both languages (the target 
and the non-target). As cognates share form and meaning across languages, the associated activation between 
those words is larger (higher resting level activation) compared to non-cognates (lower resting level activation), 
explaining their higher processing  speed5,10,16,17.
Although the orthographic similarity effect in the visual modality is well documented, phonological similarity 
has received little attention and very few studies have explored the cognate effect aurally. Within the few studies 
exploring the cognate effect aurally, most have determined the cognate status of words based on orthographic 
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similarity, and the results are not conclusive. Some studies have found that cognates are not always facilitatory 
and can even be inhibitory. In particular, one study found that L2 proficiency modulates the effect of orthographic 
similarity orally, with higher proficiency participants showing facilitation and lower proficiency participants 
showing inhibition with increased  similarity18. Thus, we know that there is a facilitatory cognate effect in the 
visual modality when manipulating orthographic similarity, but there is a need to explore the cognate effect in 
the auditory modality when manipulating phonological similarity independently from orthography. This is one 
of the main objectives of this study.
Within the set of studies testing the cognate effect taking into account phonological similarity, most have 
focused on production, particularly using picture naming tasks. Sadat and  colleagues19 found a phonological 
facilitatory cognate effect in naming latencies using ALINE distance to measure phonological similarity. They 
observed that pictures of cognate words were produced faster than those of non-cognates. Schwartz, Kroll, and 
 Diaz8 manipulated phonological and orthographic similarity orthogonally between cognates and perfect cog-
nates (orthographically identical words sharing meaning) in a picture naming task. They found that with high 
orthographic similarity, naming latencies were slowed by dissimilar phonology. It should be noted that they 
compared only cognates and perfect cognates, thus their results are not easily generalizable to all vocabulary. In 
one of the few studies exploring phonological similarity effects in perception, Dijkstra and  colleagues5 assessed 
native Dutch speakers with a high level of English proficiency on a visual lexical decision task (LDT). They 
manipulated phonological and orthographic similarity between Dutch and English and found a facilitation in 
LDT performance—in both response time and percent errors—for words that shared either only form—namely, 
false friends—or both form and meaning—i.e., cognates—across languages. On the other hand, recognition laten-
cies were delayed when words only shared their phonology—and not orthography—across languages. Although 
they manipulated phonology and orthography orthogonally, they only provided pairwise comparisons and no 
information on interactions between the two types of similarity. Therefore, based on few prior studies, phonologi-
cal similarity might not be as consistently facilitatory as orthographic similarity is, and some results suggest that 
phonological and orthographic similarity might even interact. This shows a need for further studies exploring 
both phonological similarity and the relationship between orthographic and phonological similarity in both the 
visual and auditory modalities.
A further issue of working in the auditory modality is establishing measures of similarity. Within those studies 
assessing the cognate effect aurally, measurements of similarity have varied widely in their level of objectivity 
and often centered on orthographic similarity as mentioned above. For one, Grasso and  colleagues20 considered 
items that were phonological cognates or non-cognates based on the subjective assessments of three bilingual 
pathologists. Schwartz and  Kroll21 used a combination of a subjective assessment by the experimenters, two 
bilinguals, and monolingual English speakers, with an objective assessment based on orthographic  similarity14. 
Others have used more objective measures using what is called string alignment. These measures quantify the 
number of operations (insertions, deletions, and substitutions) necessary to convert one string—e.g., graphemes 
or phonemes—into the other. Some authors have proposed using Levenshtein distance, which uses alignment of 
 graphemes22,23, while Sadat and  colleagues19 used ALINE distance, which instead aligns phoneme strings, taking 
into account the features of the phonemes it  compares24.
The Levenshtein distance formula mentioned before is the most common algorithm used to define ortho-
graphic similarity, but unfortunately, it approximates phonological similarity from orthographic similarity. If 
the two languages that are compared share grapheme to phoneme mappings—or, at least, they have mostly one-
to-one correspondences between phonemes and graphemes—then this would not be a major concern as ortho-
graphic and phonological similarity would align well. Nevertheless, this is often not the case, as many languages 
do not have direct, one-to-one mappings between orthography and phonology, as is the case of English with, 
e.g., “write”, “right”, and “rite” all pronounced the same. In addition, even if the languages have direct mappings 
between phonemes and graphemes, these may differ between languages—e.g., “piano” in Spanish and “πιάνο” 
in Greek or “sh” in English and “sch” in German where each pair is pronounced the same, but spelled differ-
ently. Finally, approximating phonological similarity from orthographic similarity is also a concern for cases in 
which languages share the orthographic system but the phonological repertoire is quite different. This is the case 
between Spanish and English, in which “violin” (spelled the same in both languages) is pronounced /bio’lin/ and 
/’vaɪəlɪn/, respectively. Here, the similarity measured using orthographic Levenshtein distance would say those 
words are identical, but in fact, in the auditory modality, they only share two phonemes. Using orthographic 
similarity in auditory word recognition might then not be a good approximation. This is particularly the case in 
the commonly used language pair, English and Spanish.
Importantly, the cases above in which orthographic and phonological similarity do not align might carry 
with them an interaction between these degrees of similarity which further complicates the picture. This sug-
gests a need not only for exploring the effect of phonological similarity, but also its possible interaction with 
orthographic similarity, both in the visual modality and the understudied auditory modality. This will be our 
second aim.
The present study
In order to achieve the aforementioned goals, we ideally needed a pair of languages which follow different 
phoneme-to-grapheme conversion rules, allowing us to manipulate orthographic and phonological similarity 
orthogonally. Although orthography and phonology tend to correspond to one another, English, with its opaque 
orthography—i.e., one-to-many and many-to-one phoneme-to-grapheme correspondences—, allows for the 
two to be dissociated. Furthermore, English and Spanish share the same alphabet but have many differences in 
the number and identity of phonemes. Thus, we tested Spanish–English bilinguals using English as the target 
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language. We tested this group of participants on lexical decision tasks in two modalities—visual and auditory—
in order to compare participants’ performance on the same items across modalities.
Cognates that are orthographically—although not necessarily phonologically—strictly identical between 
languages (e.g., “violin”, /’vaɪəlɪn/ in English and /bio’lin/ in Spanish) will be referred to in the current text as 
orthographically identical words to highlight phonological differences in our language pair. As mentioned before, 
some researchers claim that translations that are orthographically identical between languages (often called 
perfect cognates) have a special  status3,10, whereas others consider them part of the spectrum of orthographic 
 similarity8,11. As a secondary goal, we have included orthographically identical words to test whether they are 
categorically different from non-identical cognates. Note that we focused only on identical orthographic cognates 
and not identical phonological cognates, given that the latter group is extremely rare in the Spanish–English 
language combination.
We used ALINE distance as objective measure of phonological similarity, as it has been shown to be better 
than those used in prior  studies25–29. Part of its advantage is that it takes into consideration features of the pho-
nemes, and thus provides a more precise comparison for phonological strings than, for example, Levenshtein 
distance. ALINE also aligns strings rather than just comparing them, which allows for a better comparison 
when differences between words in the two languages imply the insertion or deletion of several phonemes or 
 graphemes29.
In summary, the aims of the present study were to (1) test the effects of phonological similarity on auditory 
word recognition, (2) assess the influence of phonological and orthographic similarity between modalities—
visual and auditory—, and (3) evaluate whether orthographically identical words have a special status.
Method
Participants. Participants were 55 native Spanish speakers (F = 34,  Mage = 26.25 [SD = 6.01]) from Madrid 
and Murcia, with at least an intermediate level in English (their second language). Participants had a minimum 
score of 40 on the English  BEST30—a picture naming task with a maximum score of 65—and of 60% on the Eng-
lish LexTALE (a vocabulary test), which equates to approximately a B2 (upper intermediate)  level31. Participants’ 
average score on the BEST was 57.58 (SD = 5.86) with a range of 40 to 64. With respect to the LexTALE, their 
average score was 77% (SD = 10%) with a range of 60 to 99%. Participants self-reported their average daily expo-
sure of English, which was on average 34% of the time (SD = 22%). Their average self-reported age of acquisition 
of English was 6.5 (SD = 2.5) years old, with a minimum of 3 years of age. All participants provided informed 
consent before taking part in the experiment, which was conducted in accordance with the Declaration of Hel-
sinki and approved by the Basque Center on Cognition, Brain and Language ethics committee (approval number 
9994). Participants were paid for taking part in the experiment.
Stimuli. Stimuli consisted of 300 words and 300 pseudowords. Words were divided into six categories. Four 
of these consisted of a Latin square between orthographic and phonological similarity. Another one contained 
items in the extreme of the orthographic similarity distribution—orthographically identical words—and the 
last group consisted of extreme dissimilarity. The latter group was included in order to balance the number of 
high and low similarity items, and is considered hereafter a group of fillers (see Fig. 1 for an example of each). 
For the main manipulation, we had four groups: high phonological and orthographic similarity  (PHighOHigh), 
high phonological similarity and low orthographic similarity  (PHighOLow), low phonological similarity and high 
orthographic similarity  (PLowOHigh), and low phonological and orthographic similarity  (PLowOLow). Apart from 
those 4 main groups, there was the orthographically identical translation group  (PHighOIden), which was included 
Figure 1.  Orthographic and phonological similarity distribution and examples of words in each category. The 
reported phonological transcriptions correspond to a general American English accent, which is the accent of 
the speaker who recorded the stimuli. Pseudowords were recorded to match the IPA transcription rather than 
the orthography of the pseudoword. All transcriptions were verified by a linguist to match the stimuli. Each row 
represents a level of phonological similarity and each column represents a level of orthographic similarity. Each 
cell contains 50 items.
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to assess the “special status” of those items, on each of the modalities. Note that no identical phonology (or pho-
nologically identical) group was included, since the differences in phonology between languages made it impos-
sible to find enough items. High and low phonological and orthographic similarity were defined by median 
split. For phonology, we used inverse Aline distance, with the median split at 0.74. The high similarity range of 
inverse Aline distance values was 0.741 to 0.951 and for the low similarity group, the range was 0.195 to 0.736. 
For orthography, we used the same measure (inverse Aline distance) with the median split at 0.77. The high 
similarity range of inverse Aline distance value was 0.771 to 0.982 and for the low similarity group, the range 
was 0.360 to 0.769.
All six groups of items were matched on the following variables: word frequency (raw and logarithmic), 
frequency of the Spanish translation (raw and logarithmic), number of syllables, number of letters, and number 
of phonemes (see Table 1 for means, standard deviations, and statistics), all extracted from  CLEARPOND32. 
Pseudowords were created by exchanging the last two phonemes (2 or 3 letters) between words used in the task 
(e.g., lens/lɛnz changed to lert/lɛrt and airport/ɛrpɔrt to airpons/ɛrpɔnz). This way, the number of letters and 
phonemes remained constant and all items had to be listened up to the penultimate phoneme in order to dif-
ferentiate the word from the pseudoword. In other words, we maintained the uniqueness point of target words 
constant between stimuli and as late as possible. Furthermore, we utilized an orthographic approximation of 
these words for the visual stimuli to maintain the two modality conditions as similar as possible. Finally, this way 
of creating stimuli allowed us to match the pseudowords to each of the target word categories and thus calculate 
A’ for each group to assess performance.
There was a total of 50 words per condition, for a grand total of 300 words. There were also 50 pseudowords 
per condition—one matched to each word. All words and pseudowords were presented once in each modality.
Auditory stimuli were recorded in a quiet recording room by a native speaker of English with a general 
American  accent33 and following the pronunciation reported in the Carnegie Mellon CMU  dictionary34. They 
were normalized to 1 dB and cut with 500 ms of silence before and after, using  Audacity35. They were recorded 
at a frequency of 44.1 kHz and 32 bits.
Procedure. The main task was a lexical decision task. Participants saw a fixation cross for 500 ms and then 
either heard the phoneme sequence or saw the letter string and had to decide whether it was a real word. The 
words were visually displayed on a 17″ screen with a definition of 1024 by 768 pixels, with a sans-serif font of size 
70 px (white text on a black background). The auditory stimuli were presented using headphones playing them 
in 16-bit WAV format at a 44.1 kHz sample rate. Participants had 2500 ms to respond to the auditory stimuli 
(starting from the onset of the word) and 1500 ms to respond to the visual stimuli. They responded using the F 
(real word) and J (pseudoword) keyboard keys. Participants had six practice trials with feedback before moving 
on to the main task (without feedback). They did the experiment in two sessions one week to 10 days apart. In 
each session, participants completed either the auditory or the visual task (counterbalanced between partici-
pants). The experiment had a duration of 40 min per session with 2 sessions in total. Each session contained 4 
blocks with self-paced pauses in between.
Analyses. The orthographic and phonological similarity effects on the LDT were assessed using two-way 
analyses of variance (ANOVAs), as well as linear mixed effects models (LMEs) provided in the supplementary 
materials.
For the ANOVAs, first, we looked at the effects of phonological and orthographic similarity on A’—a sensitiv-
ity index that takes into consideration hits and false alarms—using the Psycho package in  R36. This was carried out 
once for each modality. A’ was calculated using the accuracy on words to calculate the hit rate and pseudoword 
errors to calculate the false alarms.
Table 1.  Means, standard deviations, and statistics for variables stimuli were matched on. Values are means 
with standard deviations in parentheses. The N in all cases is 50.
Orthographic similarity Low High Identical
Phonological similarity Low High Low High High Statistic
English frequency 25.21 (21.85) 30.81 (43.55) 42.61 (80.29) 24.63 (21.65) 31.64 (49.27) F(4,245) = 1.117, p = .349, BF01 = 16.175
English log frequency 1.22 (0.45) 1.12 (0.61) 1.27 (0.57) 1.23 (0.40) 1.17 (0.51) F(4,245) = .667, p = .616, BF01 = 32.943
Spanish frequency 50.37 (56.59) 67.63 (80.91) 79.34 (106.46) 58.89 (58.58) 69.22 (101.77) F(4,245) = .864, p = .486, BF01 = 24.147
Spanish log frequency 1.38 (0.63) 1.47 (0.65) 1.47 (0.69) 1.48 (0.64) 1.38 (0.72) F(4,245) = .304, p = .875, BF01 = 58.305
Number of syllables 2.00 (0.88) 2.08 (0.92) 2.00 (0.90) 1.86 (0.76) 1.88 (0.39) F(4,245) = .670, p = .613, BF01 = 32.769
Number of letters 6.36 (1.96) 6.08 (2.06) 6.52 (1.76) 6.38 (2.00) 5.84 (1.17) F(4,245) = 1.126, p = .345, BF01 = 15.940
Number of phonemes 5.94 (2.08) 5.98 (2.20) 5.46 (1.76) 5.88 (1.83) 5.56 (1.07) F(4,245) = .839, p = .502, BF01 = 25.110
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Then, we carried out ANOVAs on the effects of phonological and orthographic similarity on response times. 
For the auditory modality, we subtracted the duration of the stimulus from the recorded response time—meas-
ured from stimulus onset until the response—, to cancel out the effect of the stimulus duration. For response 
times in general, only correct responses were taken into account and any responses less than 150 ms or more 
than 2 standard deviations away from the mean in each category for each participant were excluded. For the 
orthographically identical words, we carried out one-way ANOVAs for the main effect of orthographic similarity, 
keeping only the high phonological similarity groups. This means that we compared the following three groups: 
 PHighOLow,  PHighOHigh, and  PHighOIden. This was done in order to match the 3 groups on phonological similarity as 
there were no low phonological similarity items in the orthographically identical group.
Finally, we carried out the same tests by participant and by item and for all tests, we carried out follow-ups 
using Bonferroni corrections. All p values for the post hoc tests are reported with the Bonferroni correction 
calculated (i.e., p value was multiplied by the number of tests). Therefore, the threshold of significance remains 
0.05. In all cases, F1 and F2 was calculated, but it should be noted that the by participant analyses were substan-
tially higher powered. This is because F1 was within subjects whereas F2 was between items, with fewer items 
(50) than participants (55).
Recent work has found that ANOVAs are robust to violations of  normality37,38. Thus, we have not corrected 
for violations of the normality assumption.
There was an overall effect of location, such that participants in Madrid performed better than those in Mur-
cia, but the results did not change qualitatively when we included location as a factor. Since it was not a variable 
of interest, we collapsed the data across locations. All tests were carried out using  JASP39.
Results
All participants performed above chance in all conditions (average performance in audio: 77.25% [9.01%] and in 
visual: 89.33% [6.12%]). Using our criteria, we excluded 5.09% (0.64%) of responses—number of items removed 
did not vary across conditions, auditory: F1(4, 216) = 1.973, p = 0.10, visual: F1(4, 216) = 1.132, p = 0.342.
Auditory task. Orthographic and phonological similarity effects. For A’ in the auditory modality, we found 
a main effect of phonological similarity by participant, such that high phonological similarity led to higher signal 
detection (M = 0.86, SD = 0.07) than low similarity (M = 0.84, SD = 0.09), F1(1, 54) = 18.349, p < 0.001, ηp2 = 0.254; 
by item, this phonological effect was not significant, F2(1, 196) = 0.478, p = 0.490, ηp2 = 0.002. There was also a 
main effect of orthographic similarity by participants, such that high orthographic similarity led to lower signal 
detection (M = 0.85, SD = 0.08) than low similarity (M = 0.86, SD = 0.08), F1(1, 54) = 6.211, p = 0.016, ηp2 = 0.103 
(no effect by item, F2(1, 196) = 1.273, p = 0.261, ηp2 = 0.006). Finally, there was no interaction between the two 
factors, F1(1, 54) = 0.838, p = 0.364, ηp2 = 0.015, F2(1, 196) = 0.518, p = 0.472, ηp2 = 0.003. See Table 2 and Fig. 2 for 
by-subject statistics.
For response time in the auditory modality, we found no main effect of phonological similarity, F1(1, 
54) = 1.707, p = 0.197, ηp2 = 0.031, F2(1, 296) = 0.721, p = 0.396, ηp2 = 0.002. There was a main effect of ortho-
graphic similarity, such that high orthographic similarity led to longer reaction times (M = 445.84, SD = 102.99) 
than low similarity (M = 428.83, SD = 98.29), F1(1, 54) = 12.078, p < 0.001, ηp2 = 0.183 (marginally significant by 
stimulus, F2(1, 196) = 2.840, p = 0.094, ηp2 = 0.014). Finally, there was no interaction between the two factors, F1(1, 
54) = 1.360, p = 0.249, ηp2 = 0.025, F2(1, 196) = 0.558, p = 0.456, ηp2 = 0.003. See Table 2 and Fig. 2 for by-subject 
statistics.
Identical orthography items (orthographically identical words). For A’ in the auditory modality, we found no 
effects of orthographic similarity in the by-subject analysis, F1(2, 108) = 0.732, p = 0.483, ηp2 = 0.013, nor in the 
by-item analysis, F2(2, 147) = 0.037, p = 0.963, ηp2 < 0.001.
In the response time analysis, we found an effect of orthographic similarity, F1(2, 108) = 25.801, p < 0.001, 
ηp2 = 0.323, F2(2, 147) = 5.6730, p = 0.004, ηp2 = 0.072. In the by-subject post-hoc tests, we found that identical 
items (M = 480.01, SD = 104.12) were responded to slower than both high similarity (M = 439.32, SD = 104.00), 
t(54) = 5.865, p < 0.001, Cohen’s D = 0.791, and low similarity items (M = 427.89, SD = 94.80), t(54) = 6.102, 
p < 0.001, Cohen’s D = 0.823, but high and low similarity items did not differ, t(54) = 1.563, p = 0.371, Cohen’s 
D = 0.211. See Table 2 and Fig. 3 for by-subject means and standard deviations. Similarly, regarding the by-item 
analysis, in the post-hoc tests, we observed that identical items (M = 506.62, SD = 93.68) were responded to 
Table 2.  By-subject means and standard deviations. Numbers in parentheses are standard deviations. The N in 
all cases is 55.
Orthographic 
similarity Low High Identical
Phonological 
similarity Low High Low High High
Auditory
A’ 0.85 (0.10) 0.86 (0.07) 0.83 (0.09) 0.86 (0.08) 0.86 (0.09)
RT (ms) 429.78 (108.98) 427.89 (94.80) 452.36 (109.14) 439.32 (103.00) 480.01 (104.12)
Visual
A’ 0.94 (0.05) 0.93 (0.05) 0.94 (0.04) 0.94 (0.04) 0.96 (0.03)
RT (ms) 670.63 (71.87) 683.38 (77.88) 670.63 (71.87) 673.83 (74.23) 626.78 (70.26)
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slower than both high (M = 458.89, SD = 103.37), t(54) = 2.507, p = 0.040, Cohen’s D = 0.484, and low similarity 
items (M = 445.26, SD = 87.87), t(54) = 3.224, p = 0.005, Cohen’s D = 0.676, but high and low similarity items did 
not differ, t(54) = -0.716, p = 1, Cohen’s D = 0.142.
Visual task. Orthographic and phonological similarity.. For A’ in the visual modality, there was a main effect 
of orthographic similarity, F1(1, 54) = 4.962, p = 0.030, ηp2 = 0.084, such that high orthographic similarity led to 
higher signal detection (M = 0.94, SD = 0.04) than low similarity (M = 0.93, SD = 0.05). In the by-item analysis, 
we did not find this orthographic similarity effect, F2(1, 196) = 0.434, p = 0.511, ηp2 = 0.002. We found a marginal 
main effect of phonological similarity in the by subject analysis, F1(1, 54) = 2.982, p = 0.090, ηp2 = 0.052, such that 
high phonological similarity tended to led to lower signal detection (M = 0.93, SD = 0.04) than low similarity 
(M = 0.94, SD = 0.04) (no effect in the by-item analysis, F2(1, 196) = 0.072, p = 0.788, ηp2 < 0.001). Finally, there 
was no interaction between the two factors, F1(1, 54) = 1.896, p = 0.174, ηp2 = 0.034, F2(1, 196) = 0.143, p = 0.706, 
ηp2 < 0.001. See Table 2 and Fig. 4 for by-subject statistics.
For response times in the visual modality, there was no main effect of orthographic similarity, F1(1, 54) = 2.319, 
p = 0.134, ηp2 = 0.041, F2(1, 196) = 1.033, p = 0.311, ηp2 = 0.005. We found a main effect of phonological similarity 
in the by-subject analysis, F1(1, 54) = 6.889, p = 0.011, ηp2 = 0.113, such that high phonological similarity led to 
slower response times (M = 678.60, SD = 73.97) than low similarity (M = 669.87, SD = 71.47), (no effect in the 
Figure 2.  Results for the lexical decision task in the auditory modality. (a) Response times in miliseconds and 
(b) A’ by phonological (bar clusters) and orthographic (bar color) similarity for the auditory task. Error bars 
stand for 95% confidence intervals.
Figure 3.  The effects of orthographic similarity on the lexical decision task in the auditory modality. (a) 
Response times in miliseconds and (b) A’ by orthographic similarity (low, high, and identical) for the auditory 
task. Error bars stand for 95% confidence intervals. N.s.: p > .1; + : p < .1; *: p < .05; **: p < .01, ***: p < .001.
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by stimulus analysis, F2(1, 196) = 2.484, p = 0.117, ηp2 = 0.012). There was also no interaction between the two 
factors, F1(1, 54) = 1.946, p = 0.169, ηp2 = 0.035, F2(1, 196) = 0.902, p = 0.343, ηp2 = 0.005. See Table 2 and Fig. 4 for 
by-subject statistics.
Identical orthography items (Orthographically identical words). There was an effect of orthographic similarity 
on A’, F1(2, 95.304) = 32.325, p < 0.001, ηp2 = 0.374, F2(2, 147) = 6.204, p = 0.003, ηp2 = 0.078. In the post-hoc tests, 
we found that identical items had higher signal detection (M = 0.96, SD = 0.03) than both high similarity items 
(M = 0.94, SD = 0.04), t(54) = 6.535, p < 0.001, Cohen’s D = 0.881, and low similarity items(M = 0.93, SD = 05) , 
t(54) = 6.699, p < 0.001, Cohen’s D = 0.903. High similarity items also had higher signal detection than low simi-
larity items, t(54) = 2.274, p = 0.081, Cohen’s D = 0.307—see Table 2 and Fig. 5 for by-subject statistics.
We found an effect of orthographic similarity on response time, F1(2, 108) = 75.689, p < 0.001, ηp2 = 0.584, 
F2(2, 147) = 25.164, p < 0.001, ηp2 = 0.255. In the post-hoc tests, we found identical items were recognized faster 
(M = 626.78, SD = 70.26) than both high (M = 673.83, SD = 74.23), t(54) = 10.430, p < 0.001, Cohen’s D = 1.406, 
and low similarity items (M = 683.38, SD = 77.88), t(54) = 10.426, p < 0.001, Cohen’s D = 1.406, but high and low 
similarity items did not differ, t(54) = 1.994, p = 0.154, Cohen’s D = 0.269—see Table 2 and Fig. 5 for by-subject 
statistics.
Figure 4.  Results for the lexical decision task in the visual modality. (a) Response times in miliseconds and (b) 
A’ by phonological (bar clusters) and orthographic (bar color) similarity for the visual task. Error bars stand for 
95% confidence intervals.
Figure 5.  The effects of orthographic similarity on the lexical decision task in the visual modality. (a) Response 
times in miliseconds and (b) A’ by orthographic similarity (low, high, and identical) for the visual task. Error 
bars stand for 95% confidence intervals. N.s.: p > .1; + : p < .1; *: p < .05; **: p < .01, ***: p < .001.
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Discussion
The objectives of the present study were three-fold: to assess phonological similarity effects in the auditory 
modality, to assess phonological and orthographic similarity effects and their interactions across modalities, 
and to evaluate whether orthographically identical words are a special case within the spectrum of orthographic 
similarity. We had participants do two lexical decision tasks—one in the visual and another in the auditory 
modality—in their L2, in counterbalanced order.
We found that phonological similarity induced facilitation in the auditory modality, as orthographic similarity 
did in the visual modality. We also found that the effects of orthographic and phonological similarity produced 
inhibitory effects across modalities—i.e., phonological similarity causing inhibition in the visual modality and 
orthographic similarity doing so in the auditory modality. It should be noted that these effects may be qualified 
by a triple interaction found in the LMEs (provided in the supplementary materials to provide a fuller picture of 
the data, controlling simultaneously for by participant and by item random effects). In these analyses, we found 
an interaction between modality, orthographic similarity, and phonological similarity. This interaction suggested 
that, in the visual modality, phonological similarity worsened performance (lower accuracy and slower response 
times), but orthographic similarity had no effect, while in the auditory modality there was an interaction such 
that orthographic similarity worsened performance (reduced accuracy and increased response times) in the 
low phonological similarity condition, but had no effect on the high similarity condition. Taking into account 
both analyses, it is possible that the effects of orthography and phonology are not exactly symmetrical between 
modalities. Finally, we found that orthographically identical words do in fact have a special status, showing dis-
proportionately larger effects in both modalities—facilitatory, in the case of the visual modality, and inhibitory, 
in the case of the auditory modality.
In the visual modality, we found an orthographic similarity facilitation effect for A’ but not for response times. 
This result is partially in line with prior studies that describe a facilitatory cognate  effect2–9,40, which has been 
found in different domains. For example, some found it in response time  only2,8,9, others in accuracy  only7, and 
finally others in both response time and  accuracy3,5,6. Importantly, we found that phonological similarity had a 
somewhat paradoxical effect in which higher phonological similarity hindered performance in the visual modal-
ity (both in response time and marginally in A’). These results have been seen before in a study from Dijkstra 
et al.5 in which they found that phonological similarity hindered performance in the visual modality. Our results 
go beyond this and show the same inhibitory effects for orthographic similarity in the auditory modality (see 
below for further discussion on orthographic similarity effects in the auditory modality).
It should be noted that not all of the effects that were significant in both the by-participant analyses were 
significant by-items. This is probably influenced by the fact that we were underpowered in the by-item analyses 
(which were between items and had only 50 items per category). Nevertheless, our linear mixed effects model 
results that controlled for by item random effects did align with the by-participant analyses.
Our results provide further evidence of the cross-modal nature of language, while also suggesting that the 
influence of the L1 during L2 processing is not limited to the modality relevant to the task. First, we show that 
phonological similarity influences visual word recognition, and vice versa (see below), showing that the non-
target language influences target language processing not only within but also across modalities. Furthermore, 
although intuitively one might think that phonological similarity should improve performance regardless of 
modality, looking at the particularities of the languages we tested, this is not as straight forward. In the case of an 
opaque language like English, it makes sense that a cross-modal influence of a transparent language with different 
phonology, such as Spanish, would hinder performance. In these two languages, the phonological to orthographic 
correspondences differ greatly, which would naturally bring confusion and spread activation towards other words 
than the target one, rather than helping the participant hone in on the correct answer.
In the auditory modality, we found that phonological similarity affected signal detection (A’), but not response 
times, with high similarity items being recognized better than low similarity ones. This aligns with the notion 
that similarity between L1 and L2 aids word processing, but regarding the auditory modality, this had only 
been shown so far in production  tasks8,19. Our results in the auditory modality align with those of Sadat and 
 colleagues19 who found that phonological similarity facilitated word production in bilinguals. Our study extends 
these results to perception and crosses the effects with those of orthographic similarity. We found that ortho-
graphic similarity hindered processing in the auditory modality, with high similarity items being recognized 
slower and less accurately than low similarity ones—although, again, in accuracy we found a possible interaction 
between types of similarity in the auditory condition. These results are analogous to those mentioned before of 
Dijkstra et al.5 who showed that phonological similarity hindered visual processing. Although a similar inhibi-
tory effect has been found for production in low proficiency  participants18, this effect had not been described in 
perception nor in highly proficient bilinguals. This is also in contrast with the traditional cognate effect, where 
orthographically similar items have a processing advantage over dissimilar ones. Perhaps this contrast with the 
literature reflects a conflated definition of similarity incorporating both phonological and orthographic similarity. 
More specifically, using stimuli that align in both areas might suggest a facilitative effect of orthography in the 
auditory modality that in fact might have been driven by phonology. In more general terms, our results point to 
a separation between orthographic and phonological representations of words which are relied on differentially 
according to the task schema. Supporting previous research, similarity between languages aids processing within 
the same modality and shows that both languages are active even in unilingual  tasks10.
Orthographically identical words showed effects above and beyond those of high similarity words. In other 
words, although the increase in similarity between high orthographic similarity and identical items was often 
minimal—e.g., ‘band’ (Spanish: ‘banda’) is not identical but ‘taxi’ (Spanish: ‘taxi’) is—the effect of similarity was 
disproportionately larger for orthographically identical words. In the case of facilitation in the visual modality 
(both for A’ and response time), this result is in line with previous findings that showed a larger facilitation effect 
9
Vol.:(0123456789)
Scientific Reports |        (2021) 11:12812  | https://doi.org/10.1038/s41598-021-92259-z
www.nature.com/scientificreports/
for orthographically identical words over high similarity  items8,10,13. The current study extends these findings 
to the auditory modality, in which we found a disproportionate level of inhibition by orthographically identi-
cal words, slowing response times compared to high similarity items, which did not differ from low similarity 
items. Importantly, this suggests a nonlinear relationship that places identical items in a special category. On 
the other hand, our orthographic and phonological results contrast with those of Schwartz and  colleagues8 who 
found an interaction between orthographic and phonological similarity. But, importantly, they mixed identical 
and high orthographic similarity items and found that very high similarity words (including identical items) 
were produced faster than high orthographic similarity items, but that phonological dissimilarity hindered per-
formance. Although Schwartz and colleagues observed facilitation in this production task, others have found 
inhibition for cognates in production, depending on task  difficulty41. Therefore, this contrast with our results 
might be due to differences in the task (production versus perception) or it might relate to task difficulty. This 
would be in line with previous monolingual research showing both facilitation and inhibitory effects of semantic 
 similarity42,43, phonological  similarity44, and phonological neighborhood  density45 depending on various fac-
tors. This difference also suggests that perhaps orthographically identical words, due to their “special status”, 
are affected by phonological similarity in a different way as compared to items that have highly orthographic 
similarity across languages.
It is also important to point out that there are several aspects of our study that are unique and may have 
influenced the effects that we found. The first is that the target language was opaque, but the native language of 
participants was transparent. As a participant heard the string, he/she built a predicted orthographic representa-
tion based on the sublexical phonological units (the “transcription”), which had to be compared to the lexical 
representation. In transparent languages, such as Spanish or Italian, this is quite a straightforward process, with 
mostly one-to-one correspondences between phonemes and graphemes. On the other hand, in English, this 
process is more difficult, particularly for participants with a transparent L1, who are used to relying mostly on 
one-to-one phoneme-to-grapheme relationships. If a transparent target language was used as the target language 
in a similar experiment, one of two things might happen: if the grapheme/phoneme correspondences align 
between languages, this should lead to facilitatory rather than inhibitory effects across modalities; if they do not 
align, this might still lead to confusion and delays in processing. Another interesting follow-up would be to test 
participants with an opaque L1. They might not be bothered by misalignment at all and might show no effect of 
orthographic similarity in the auditory modality and vice versa.
Another issue relates to accent, as the aural items were recorded with a native accent, which participants 
were not used to hearing (Spanish natives being more used to listening to Spanish accented English than English 
produced by native speakers). The accent used in the stimuli of the present study being a native accent, what 
they heard probably did not match what they are used to hearing nor how they would pronounce this word. 
Native Spanish speakers probably had representations of English words built through listening to a majority 
of non-native speakers from their country and influenced by the phonology of their L1. It is not clear whether 
the results would be the same if the stimuli had been produced with a foreign accent matching their L1. Future 
studies should test the relative influence of this factor.
To our knowledge, this is the first experiment to orthogonally manipulate orthographic and phonological 
similarity across modalities, to test the effects of interlingual similarity on perception in the auditory modality, 
and to show that orthographic similarity hinders auditory performance and vice versa. Our results fall in line 
with the co-activation account frequently mentioned in the literature, showing effects of the unattended language, 
in both modalities with both measures of interlingual similarity (orthographic and phonological). The main 
question that remains is why there is facilitation within modality—phonological in the auditory modality and 
orthographic in the visual—but inhibition across modalities—orthographic in the auditory and phonological 
in the visual.
According to the BIA and BIA + models, language co-activation aftereffects occur when orthography, phonol-
ogy, and semantic features are similar across  languages10. These models suggest that both languages of a bilingual 
are co-activated in parallel when they are performing a unilingual task. As a consequence, any similarity between 
words in both languages should benefit word recognition since language co-activation should help this process, 
which does not completely align with our findings. It is worth noting that these models do not address differ-
ences between modalities and thus seem to assume equal effects. In our experiment, we found that the effect of 
similarity was contingent upon the modality of presentation and whether the type of similarity aligned with the 
task—i.e., orthographic with visual and phonological with auditory. On a theoretical level, our results suggest 
that models of bilingual processing—such as the BIA + model—need to contemplate processing in the auditory 
modality as well as making a distinction between orthography and phonology. In other words, they need to 
account for modality and cross-modality interactions: Models should account for the fact that representations 
in the other language are not only activated in the modality of the task, but also in the irrelevant modality, and 
that facilitatory/inhibitory interactions happen across modalities. At the same time, the transparent or opaque 
nature of each language might also be relevant for understanding the influence of one on the other: in order to 
understand bilingual word processing, we need to incorporate the characteristics of the languages—both inde-
pendently and in relation to each other—to our models.
Furthermore, a similar inhibitory effect has been attributed to increased competition between words in the 
target and non-target  languages18, which would explain our results as well, particularly in the case of orthographi-
cally identical words with different phonology. This makes the relationship between the languages and the char-
acteristics of each language relevant factors when studying their co-activation. More specifically, orthographic 
and phonological similarity effects may vary according to whether the languages share grapheme to phoneme 
correspondences or whether they are similar phonetically. As we mentioned before, given that other studies 
have not manipulated phonological and orthographic similarity orthogonally, it is difficult to compare results 
as, in previous studies, the effects of orthography might have been masked by those of phonology, or vice versa.
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With respect to methodology, this study shows that we need to quantify and control for word similarity in 
the seemingly irrelevant modality when testing bilinguals. The inhibitory effects across modalities highlight the 
importance of taking into account how the phonological and orthographic codes of each of the languages of a 
bilingual relate when testing them. It is not enough to simply say that a word is “similar in form” to its transla-
tional equivalent, as cognates are often defined. It is necessary to qualify which aspects of form—be it phonologi-
cal or orthographic—are similar as well as whether this aligns with the presentation modality.
In conclusion, the results of this study suggest an interference between lexical item representations in different 
modalities for bilinguals. Furthermore, this study paves the way for further research on the dissociation between 
orthographic and phonological representations, and the respective effects of orthographic and phonological simi-
larity within and across modalities. Understanding how the different representations of a word interact between 
languages is essential for our understanding of how the bilingual mind accommodates two full languages with 
their respective orthographic and phonological codes.
Data availability
All data, scripts, and stimuli are available at https:// osf. io/ mqsbj/? view_ only= a6f2f 4e617 87459 5bd42 9914f 1a0f5 7c
Received: 1 December 2020; Accepted: 7 June 2021
References
 1. Grosjean, F. The bilingual as a competent but specific speaker-hearer. J. Multiling. Multicult. Dev. 6, 2 (1985).
 2. Caramazza, A. & Brones, I. Lexical access in bilinguals. Bull. Psychon. Soc. https:// doi. org/ 10. 3758/ BF033 35062 (1979).
 3. Cristoffanini, P., Kirsner, K. & Milech, D. Bilingual lexical representation: The status of Spanish–English cognates. Q. J. Exp. Psychol. 
Sect. A 38, 367–393 (1986).
 4. de Groot, A. M. B. & Nas, G. L. J. Lexical representation of cognates and noncognates in compound bilinguals. J. Mem. Lang. 30, 
90–123 (1991).
 5. Dijkstra, T., Grainger, J. & Van Heuven, W. J. B. Recognition of cognates and interlingual homographs: The neglected role of 
phonology. J. Mem. Lang. https:// doi. org/ 10. 1006/ jmla. 1999. 2654 (1999).
 6. Dijkstra, T., Van Jaarsveld, H. & Brinke, S. T. Interlingual homograph recognition: Effects of task demands and language intermix-
ing. Biling. Lang. Cogn. https:// doi. org/ 10. 1017/ s1366 72899 80001 21 (1998).
 7. Sanchez-Casas, R. M., Davis, C. W. & Garcia-Albea, J. E. Bilingual lexical processing: Exploring the cognate/non-cognate distinc-
tion. Eur. J. Cogn. Psychol. 4, 293–310 (1992).
 8. Schwartz, A. I., Kroll, J. F. & Diaz, M. Reading words in Spanish and English: Mapping orthography to phonology in two languages. 
Lang. Cogn. Process. 22, 106–129 (2007).
 9. Voga, M. & Grainger, J. Cognate status and cross-script translation priming. Mem. Cognit. 35, 938–952 (2007).
 10. Dijkstra, T. & van Heuven, W. J. B. The architecture of the bilingual word recognition system: From identification to decision. 
Biling. Lang. Cogn. 5, 175–197 (2002).
 11. Poort, E. D. & Rodd, J. M. The cognate facilitation effect in bilingual lexical decision is influenced by stimulus list composition. 
Acta Psychol. (Amst) 180, 52–63 (2017).
 12. Van Assche, E., Drieghe, D., Duyck, W., Welvaert, M. & Hartsuiker, R. J. The influence of semantic constraints on bilingual word 
recognition during sentence reading. J. Mem. Lang. 64, 2 (2011).
 13. Duyck, W., Van Assche, E., Drieghe, D. & Hartsuiker, R. J. Visual word recognition by bilinguals in a sentence context: Evidence 
for nonselective lexical access. J. Exp. Psychol. Learn. Mem. Cogn. https:// doi. org/ 10. 1037/ 0278- 7393. 33.4. 663 (2007).
 14. van Orden, G. C. A ROWS is a ROSE: Spelling, sound, and reading. Mem. Cognit. 15, 2 (1987).
 15. Van Assche, E., Duyck, W. & Hartsuiker, R. J. Bilingual word recognition in a sentence context. Front. Psychol. 3, 1–8 (2012).
 16. Van Heuven, W. J. B., Dijkstra, T. & Grainger, J. Orthographic neighborhood effects in bilingual word recognition. J. Mem. Lang. 
39, 2 (1998).
 17. Lemhöfer, K. et al. Native language influences on word recognition in a second language: A megastudy. J. Exp. Psychol. Learn. 
Mem. Cogn. https:// doi. org/ 10. 1037/ 0278- 7393. 34.1. 12 (2008).
 18. Broersma, M., Carter, D. & Acheson, D. J. Cognate costs in bilingual speech production: Evidence from language switching. Front. 
Psychol. 7, 2 (2016).
 19. Sadat, J., Martin, C. D., Magnuson, J. S., Alario, F. X. & Costa, A. Breaking down the bilingual cost in speech production. Cogn. 
Sci. 40, 2 (2016).
 20. Grasso, S. M., Peña, E. D., Bedore, L. M., Hixon, J. G. & Griffin, Z. M. Cross-linguistic cognate production in Spanish–English 
bilingual children with and without specific language impairment. J. Speech Lang. Hear. Res. 2, 2. https:// doi. org/ 10. 1044/ 2017_ 
JSLHR-L- 16- 0421 (2018).
 21. Schwartz, A. I. & Kroll, J. F. Bilingual lexical activation in sentence context. J. Mem. Lang. 55, 197–212 (2006).
 22. Schepens, J., Dijkstra, T. & Grootjen, F. Distributions of cognates in Europe as based on Levenshtein distance. Bilingualism 15, 2 
(2012).
 23. Wieling, M., Margaretha, E. & Nerbonne, J. Inducing a measure of phonetic similarity from pronunciation variation. J. Phon. 40, 
2 (2012).
 24. Kondrak, G. A New Algorithm for the Alignment of Phonetic Sequences. Proc. First Meet. North Am. Chapter Assoc. Comput. 
Linguist. 288–295 (2000).
 25. Covington, M. A. An algorithm to align words for historical comparison. Comput. Linguist. 22, 481–496 (1996).
 26. Gildea, D. & Jurafsky, D. Learning bias and phonological-rule induction. Comput. Linguist. 22, 497–530 (1996).
 27. Nerbonne, J. & Heeringa, W. Measuring dialect distance phonetically. in The Third Meeting of the ACL Special Interest Group in 
Computational Phonology (SIGPHON-97). 11–18 (1997).
 28. Somers, H. L. Similarity metrics for aligning children’s articulation data. in COLING-ACL’98: 36th Annual Meeting of the Association 
for Computational Linguistics and 17th International Conference on Computational Linguisticstional Linguistics 1227–1232 (1998). 
doi:https:// doi. org/ 10. 3115/ 980432. 980769.
 29. Kondrak, G. Alignment of Phonetic Sequences. http:// www. cs. utoro nto. ca/ csri/ repor ts. html (1999).
 30. de Bruin, A., Carreiras, M. & Duñabeitia, J. A. The BEST dataset of language proficiency. Front. Psychol. 8, 2 (2017).
 31. Lemhöfer, K. & Broersma, M. Introducing LexTALE: A quick and valid lexical test for advanced learners of English. Behav. Res. 
Methods 44, 325–343 (2012).
 32. Marian, V., Bartolotti, J., Chabal, S. & Shook, A. Clearpond: Cross-linguistic easy-access resource for phonological and orthographic 
neighborhood densities. PLoS ONE 7, 2 (2012).
11
Vol.:(0123456789)
Scientific Reports |        (2021) 11:12812  | https://doi.org/10.1038/s41598-021-92259-z
www.nature.com/scientificreports/
 33. Labov, W., Ash, S. & Boberg, C. The atlas of North American English: Phonetics, phonology and sound change. (Walter de Gruyter, 
2006).
 34. Carnegie Mellon: The CMU pronunciation dictionary.
 35. Audacity Team. Audacity(R). (2018).
 36. Makowski, D. The Psycho package: An efficient and publishing-oriented workflow for psychological science. J. Open Source Softw. 
3, 470 (2018).
 37. Blanca, M. J., Alarcón, R., Arnau, J., Bono, R. & Bendayan, R. Datos no normales: ¿es el ANOVA una opción válida?. Psicothema 
29, 552–557 (2017).
 38. Schmider, E., Ziegler, M., Danay, E., Beyer, L. & Bühner, M. Is it really robust?: Reinvestigating the robustness of ANOVA against 
violations of the normal distribution assumption. Methodology 6, 147–151 (2010).
 39. JASP Team. JASP (Version 0.9). (2018).
 40. Dufour, R. & Kroll, J. F. Matching words to concepts in two languages: A test of the concept mediation model of bilingual repre-
sentation. Mem. Cognit. https:// doi. org/ 10. 3758/ BF031 97219 (1995).
 41. Martin, C. D. & Nozari, N. Language control in bilingual production: Insights from error rate and error type in sentence produc-
tion. Bilingualism https:// doi. org/ 10. 1017/ S1366 72892 00005 90 (2020).
 42. Bloem, I., van den Boogaard, S. & La Heij, W. Semantic facilitation and semantic interference in language production: Further 
evidence for the conceptual selection model of lexical access. J. Mem. Lang. 51, 307–323 (2004).
 43. Rabovsky, M., Schad, D. J. & Abdel Rahman, R. Language production is facilitated by semantic richness but inhibited by semantic 
density: Evidence from picture naming. Cognition 146, 240–244 (2016).
 44. Nozari, N., Freund, M., Breining, B., Rapp, B. & Gordon, B. Cognitive control during selection and repair in word production. 
Lang. Cogn. Neurosci. 31, 886–903 (2016).
 45. Buz, E. & Jaeger, T. F. The (in)dependence of articulation and lexical planning during isolated word production. Lang. Cogn. 
Neurosci. 31, 404–424 (2016).
Acknowledgements
This research was supported by the Basque Government through the BERC 2018-2021 program and by the 
Spanish State Research Agency through BCBL Severo Ochoa excellence accreditation SEV-2015-0490. CF and 
ENB are supported by MINECO predoctoral grants from the Spanish government (BES-2016-077169) and (BES-
2016-078896), respectively. CDM is further supported by the Spanish Ministry of Economy and Competitiveness 
[PSI2017-82941-P; RED2018-102615-T], the Basque Government [PIBA18-29], and through a Grant from the 
H2020 European Research Council [ERC Consolidator Grant ERC-2018-COG-819093].
Author contributions
All authors conceived of the idea and designed the experiment. E.N.B. and C.F. carried out data collection. C.F. 
did the data analysis and interpretation. E.N.B. and C.F. drafted the article. C.D.M. did the critical revision of 
the article. All authors gave final approval of the version to be published.
Competing interests 
The authors declare no competing interests.
Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 021- 92259-z.
Correspondence and requests for materials should be addressed to C.F.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.
© The Author(s) 2021
